ABSTRACT. In this study, male-specific lethal 3 homolog (Mnmsl3) was cloned and characterized from the freshwater prawn Macrobrachium nipponense (Crustacea: Decapoda: Palaemonidae) by rapid amplification of cDNA ends. The deduced amino acid sequences of Mnmsl3 showed high-sequence homology to the insect Msl3 and contained a conserved chromatin organization modifier domain and an MORF4-related gene domain. Real-time quantitative reverse transcription-polymerase chain reaction showed that the Mnmsl3 gene was expressed in all the investigated tissues, with the highest level of expression in the testis. The expression level of Mnmsl3 between males and females was different in the gonad (testis or ovary), abdominal ganglion, and heart. The results revealed that the Mnmsl3 gene might play roles in regulating chromatin and in dosage compensation of M. nipponense. Real-time quantitative reverse transcription-polymerase chain reaction also revealed that Mnmsl3 mRNA expression was 3107 Male-specific lethal 3 gene of Macrobrachium nipponense ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 14 (2): 3106-3120 (2015) significantly increased in both 5 and 20 days post-larvae after metamorphosis, suggesting that Mnmsl3 plays complex and important roles in the early embryonic development and sex differentiation of M. nipponense.
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INTRODUCTION
The dosage compensation effect, which occurs widely in eukaryotes that utilize sexual reproduction, is an essential biological process that equalizes the level of gene expression between genders based on sex determination (Sun et al., 2012) . In Drosophila melanogaster, dosage compensation is an essential chromatin-mediated process and is required in males to up-regulate the single X chromosome by 2-fold to match the gene expression of the 2 X chromosomes in females (Sural et al., 2008) . The male-specific lethal (Msl) complex of D. melanogaster up-regulates the transcription of most genes on the male X chromosome, equalizing male and female X-linked gene expression (Bashaw and Baker, 1996; Lucchesi, 1998) . The members of this gene family have been examined in previous studies, including Msl1 (Palmer et al., 1993) , Msl2 , Msl3 (Gorman et al., 1995) , Mle (maleless) (Kuroda et al., 1991) , Mof (males absent on first), and 2 noncoding RNAs (orX1 and orX2). Numerous studies have demonstrated that each Msl protein is required for dosage compensation and male viability. Mutations in these genes, Mle, Msl1, Msl2, and Msl3, result in the death of homozygous males as third-instar larvae or early pupae because of the failure in dosage compensation (Belote and Lucchesi, 1980a; Okuno et al., 1984; Breen and Lucchesi, 1985; Gelbart and Kuroda, 2009; ). This illustrates that Msl gene plays an important role in dosage compensation mechanisms (Lucchesi et al., 2005) .
In D. melanogaster, Msl3 is a chromodomain protein with RNA-binding activity in vitro (Jones et al., 2000; Buscaino et al., 2006) . This protein is essential for the activation of Mof nucleosomal histone acetyl transferase activity in the Msl1-Mof complex (Morales, 2005) . Msl3 is likely to be involved in chromatin remodeling and transcriptional regulation and is associated with hundreds of specific sites along the length of the male X chromosome, but not the female X chromosome (Gorman et al., 1995) . Gorman suggested that Msl3 also functions as a direct mediator of dosage compensation. The main components of mammalian and fish Msl complex have already been identified (Smith et al., 2000) . However, little is known regarding the developmental expression analysis of the male-specific lethal 3 gene in crustaceans. Because crustaceans have a very close evolutionary relationship with insects (Budd and Telford, 2009) , we hypothesized that the homolog Mnmsl3 from oriental river prawn Macrobrachium nipponense is involved in regulating sex determination in crustaceans.
We identified a homologous sequence fragment of Msl3 from the testis cDNA library of M. nipponense (Qiao et al., 2012) , which is a commercial freshwater prawn. It is considered an important fishery resource in China, with an annual production of 205,010 tons (Bureau of Fishery, 2009). The molecular mechanisms regulating the expression of sex-specific and sexdetermining genes in M. nipponense have been examined previously in our lab (Zhang et al., 2013) . In the present study, we cloned the cDNA encoding the Mnmsl3 gene from the cDNA library of testis in M. nipponense and examined the expression pattern of the Mnmsl3 gene during the embryonic development, larvae, and post-larvae stages. This information provides insightful directions for future research on the mechanisms of sex determination and dosage compensation in the oriental river prawn.
MATERIAL AND METHODS

Embryo, larvae, and tissue collections
Healthy adult oriental river prawns with wet weights of 2.26-6.25 g were obtained from Tai Lake in Wuxi, China (120°13'44''E, 31°28'22''N). All samples were transferred to laboratory breeding conditions and maintained in a 500-L tank with aerated freshwater for 72 h before tissue collection. Embryos and larvae in different developmental stages were obtained from our breeding room. After prawn spawning, each developmental stage of the embryos (cleavage stage; blastula stage; gastrula stage; nauplius stage; protozoea stage; zoea stage) was collected according to the morphological methods following the criteria of Chen et al. (2012) . Larvae were collected every 3 days from 1 day post-hatching (L1) to L13 (1 day before metamorphosis). Post-larvae were collected every 4 days from 1-20 days after metamorphosis (P1-P20), and every 10 days from P20-P30. The ovary was collected from mature female prawns, but the testis, muscle, heart, abdominal ganglion, brain, and intestine were collected from mature male prawns. The samples were washed with 1X 0.01 M phosphatebuffered saline, frozen in liquid nitrogen, and stored at -80°C until processing.
Histological analysis
The water temperature was 28°C. Between 5 and 10 post-larvae were collected every 2 days between 1-15 days after metamorphosis, every 5 days between 15-30 days, and every 5 days between 30-35 days. After anesthetization with Eugenol (100 mg/L), the total length (TL) and body weight (BW) of each prawn were measured to the nearest 0.01 mm and 0.0001 g. For prawns ≤10 mm TL, the whole body was fixed with Bouin's solution at room temperature for at least 24 h, washed in 50% ethanol, and stored in 70% ethanol until histological processing. For specimens larger than 10 mm TL, the abdominal segments and brow was removed, and the carapace was fixed with Bouin's solution. Tissues were dehydrated in a series of alcohol, clarified in benzene, and embedded in paraffin. Cross-sections were cut every 5-7 µm and were stained with Mayer's hematoxylin and eosin phloxine B solution following conventional histological procedures (Park et al., 1998) . A thorough examination of gonads was performed by cutting the prawn's whole carapace into serial sections. The use of serial sections was found to be important for determining the developmental stage of the gonads. The slides were examined and photographed under a light microscope with a video camera linked to the computer image analysis software (Olympus, Tokyo, Japan).
RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was extracted from embryos and larvae at different stages of development and from other tissues in mature prawns with RNAiso Plus Reagent (TaKaRa Bio Inc., Shiga, Japan) in accordance with the manufacturer protocol. Isolated RNA was treated with RNasefree DNase I (Sangon, Shanghai, China) to eliminate genomic DNA contamination. The con-centration of each total RNA sample was then measured using a BioPhotometer (Eppendorf, Hamburg, Germany), and 2 µL was analyzed on a 1% agarose gel to evaluate the integrity. cDNA was synthesized from 5 µg total RNA using the PrimeScript TM RT-PCR Kit (TaKaRa) according to manufacturer protocols. The cDNA was stored at -20°C until real-time quantitative RT-qPCR.
5'-and 3'-random amplification of cDNA ends (RACE) of the Msl3 gene
Four gene-specific primer sets (Table 1) were designed based on the expressed sequence tag of male-specific lethal 3 homolog (GenBank accession No. JK525590.1) obtained from the M. nipponense testis cDNA library (Qiao et al., 2012) . The cloning of Mnmsl3 cDNA, 3'-and 5'-RACE cDNA was performed using the 3'-full RACE Core Set Ver. 2.0 Kit and 5'-full RACE Kit (TaKaRa) to transcribe according to the manufacturer protocol, respectively. For 5'-RACE, the primer sets consisted of 2 gene-specific primers of GSP1 and GSP2 and the universal primers 5'-RACE OUT, and 5'-RACE IN (Table 1) . For 3'-RACE, the primer sets consisted of 2 gene-specific primers for GSP3 and GSP4 and the universal primers 3'-RACE OUT and 3'-RACE IN (Table 1) . 
Primer sequences
PCR products were gel-purified and ligated into the pMD18-T vector (TaKaRa) following manufacturer instructions. The recombinant vectors were then transformed into Escherichia coli DH5α (Qiagen, Hilden, Germany) competent cells; 5 were identified by blue/ white screening and confirmed by PCR. At least 5 positive clones were sequenced in both directions using an automatic DNA sequencer (Applied Biosystems ABI-3730, Foster City, CA, USA). The resulting sequences were verified and subjected to cluster analysis using the online database of the National Center for Biotechnology Information.
Nucleotide sequence and bioinformatic analyses
The 5'-and 3'-sequences from RACE were assembled with the partial cDNA sequence corresponding to each fragmental sequence using DNAMAN 5.0. Sequences were analyzed based on the nucleotide and protein databases using the BLASTX and BLASTN programs (http://www.ncbi.nlm.nih.gov/BLAST/). Protein prediction was performed using the ORF finder (http://www.ncbi.nlm.nih.gov/gorf/). The ProtParam program (http://www.expasy. ch/tools/protparam.html) was used to compute physical and chemical parameters of the amino acid sequence. The motif was searched using the motif scan program (http://myhits. isb-sib.ch/cgi-bin/motif_scan). Multiple alignments of Msl3 (Table 2) were generated using the ClustalW1.81 program and obtained alignments were used to construct phylogenetic trees using the neighbor-joining method. The bootstrapping test was performed using 1000 replications with Molecular Evolutionary Genetics Analysis, MEGA4 (Tamura et al., 2007 
Real-time RT-qPCR analysis of Msl3
The Mnmsl3 mRNA expression at different stages, from embryo to post-larval, and in various adult tissues were measured using SYBR Green real-time RT-qPCR analysis in the Bio-Rad iCycler iQ5 Real Time System (Bio-Rad, Hercules, CA, USA). Gene-specific primers (Table 1) were used to amplify the Mnmsl3 transcript, and the PCR products were sequenced to verify the specificity of the PCR primers. Three samples were collected from each developmental stage and each tissue. Each sample was analyzed in triplicate with each reaction well containing 25 µL PCR mixture composed of 1 µL cDNA (50 ng), 10 µL SsoFast TM EvaGreen ® Supermix (Bio-Rad), 0.5 µL 10 µM gene-specific forward and reverse primers (Table 1) , and 13 µL diethylpyrocarbonate-water. The reaction mixture was initially incubated for 30 s at 95°C to activate the Hot Start Taq DNA polymerase, followed by 40 cycles of 10 s denaturation at 95°C and a 10 s extension at 60°C. Melting curve analysis was performed over a range of 65°-95°C (in 0.5°C increments) for 10 s to verify the generation of a single product. Amplification of β-actin (Zhang et al., 2013) as an internal reference was also carried out in the same sample (primer sequences are shown in Table 1 ). As a negative control, diethylpyrocarbonate-water replaced the template. The relative copy number of Mnmsl3 mRNA was calculated according to the 2 -∆∆Ct comparative CT method (Livak and Schmittgen, 2001 ).
Statistical analysis
All data are reported as means ± standard error of the mean (N = 3). Statistical analysis was performed using the SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA). Statistical significance was determined using one-way analysis of variance and post hoc Duncan multiple range tests. Significance was set at P < 0.05.
RESULTS
Molecular cloning and identification of Mnmsl3 cDNA
The full-length cDNA sequence of Mnmsl3 was 1378 bp, and contained an open reading frame of 1092 bp, an untranslated region of 215 bp the 5'-end, a 3'-untranslated region of 71 bp, and a complete poly A tail. The A+T content and C+G content in the sequence were 60.1 and 39.9%, respectively. Analysis of the deduced protein sequence of the Msl3 showed that it was comprised of 363 amino acids with a predicted molecular mass of 42.493 kDa and isoelectric point of 5.11. This cDNA sequence was submitted to GenBank under accession No. KC793887. The conserved sequence and characteristic motifs of the chromatin organization modifier domain, chromo-barrel domain, and MRG were identified in the deduced amino acid sequences of Mnmsl3, and the conserved motifs were located in the N-terminal region and central region, respectively (Figure 1) .
Protein functional sites in Mnmsl3 were predicted using ExPASy. The mature protein was composed of 7 protein kinase C phosphorylation sites, 12 casein kinase II phosphorylation sites, 2 tyrosine kinase phosphorylation sites, 2 cAMP-and cGMP-dependent protein kinase sites, 1 amidation site, 3 N-myristoylation sites, and 2 N-glycosylation sites (Table 3) .
Homology and phylogenetic analysis of Mnmsl3
The amino acid sequence of Mnmsl3 was compared with the sequences of previously reported Msl3 proteins. The Mnmsl3 protein shared high identity with those of other species, including Bombus impatiens (XP_003488824.1; 43%), Apis florea (XP_003697744.1; 42%), Danaus plexippus (EHJ74368.1; 42%), and Bombyx mori (NP_001093308.1; 40%) ( Figure  2) . A neighbor-joining phylogenic tree was constructed based on reported arthropod Msl3 amino acid sequences using the MEGA 4.0 software. The tree showed that Mnmsl3 was not present in crustaceans but was present in Hymenoptera (Figure 3) , suggesting a closer phylogenetic relationship with Hymenoptera.
Tissue distribution of Mnmsl3 mRNA
The expression patterns of Mnmsl3 in the testis, ovary, heart, abdominal ganglion, brain, and muscle tissues were also examined. RT-qPCR analysis of Mnmsl3 mRNA indicated that it was expressed in all examined tissues of adult prawn, with the highest expression in the testis, followed by the brain. The lowest level was detected in the muscle tissue (Figure 4 ). In addition, we observed sexually dimorphic expression of Mnxsl3 in male and female prawns; Mnmsl3 mRNA expression was higher in the testis, heart, and abdominal ganglion in males compared to female prawns (P < 0.05; Figure 5 ). 
Expression analysis of Mnmsl3 mRNA during embryo, larvae, and post-larval stages
Mnmsl3 mRNA expression levels were examined using real-time RT-qPCR on embryos at different developmental stages, including the larval and post-larval stages. The results revealed that the Mnmsl3 gene was expressed in all developmental stages of M. nipponense. The expression level of Mnmsl3 increased gradually from the cleavage stage to the nauplius stage, and was highest during the nauplius stage. Subsequently, expression gradually declined with the development of the embryo and larvae. The lowest expression levels of the Mnmsl3 were found at L13, as well as 1 day before metamorphosis (Figure 6 ). After metamorphosis, the expression of Mnmsl3 mRNA abruptly increased from P1-P5 and peaked at P5 ( Figure  6 ), and then abruptly decreased at P10. Subsequently, the Mnmsl3 level increased again from P15-20, but also abruptly declined at P25 (Figure 6 ).
Sex differentiation and development
Based on histological observation, the ovaries and testes of M. nipponense developed directly from undifferentiated gonadal tissue, and thus M. nipponense can be classified as a differentiated gonochorist.
The result showed that the primordial germ cells were observed in M. nipponense on the 11th day after metamorphosis (Figure 7a) , with primordial germ cells differentiating into germ cells on the 15th day (Figure 7b ). The time of ovarian differentiation was earlier than that of the testis, and the differentiation pattern differed between the ovary and testis. Ovarian differentiation was initiated on the 18th day after metamorphosis (Figure 7c) and the ovarian cavity formed on the 30th day (Figure 7d ). The testis began to differentiate on the 20th day after metamorphosis (Figure 7e) , with the seminiferous tubule formed and filled with germ cells at 23-25 days after metamorphosis (Figure 7f-g ). Testis differentiation was completed by the 30th day after metamorphosis (Figure 7h ). These findings indicate that the time to ovarian differentiation was earlier than that of testis differentiation. Table 2 . Identical amino acid residues are highlighted in dark and similar amino acids are highlighted in pink or green. Inserts (periods) are added to maximize sequence identity. Table 3 . Bootstrap analysis of 1000 replicates was carried out to determine the confidence of tree branch positions. The numbers marked on the tree branches represent the bootstrap values. . Temporal expression of Mnmsl3 during the different development stages of embryos, larvae before metamorphosis, and post-larvae after metamorphosis was revealed by real-time quantitative PCR. The amount of Mnmsl3 mRNA was normalized to the β-actin transcript level. Data are reported as means ± standard error of the mean of 3 repeated samples during the embryo, larva, and post-larva stages. Bars with different letters were considered significant at P < 0.05. CS = cleavage stage; BS = blastula stage; GS = gastrula stage; NS = nauplius stage; PS = protozoea stage; ZS = zoea stage. L1 = first day larva after hatching, and so on; P1 = first day post-larva after metamorphosis, and so on. 
DISCUSSION
In Drosophila, the Msl complex selectively binds the male X chromosome and is necessary for both chromosome puffing and equalization of transcript levels (Laverty et al., 2010) . Gorman et al. (1995) found that Msl3 is also bound to the male X chromosome. The Msl3 gene is part of a small gene family that is widespread in eukaryotes, and all eukaryotic cells may contain Msl3 analogs. In the present study, we cloned and identified Msl3 homologs in M. nipponense referred to as Mnmsl3. The Msl3 homologs in insect species contain 2 highly conserved domains, including an N-terminal chromo domain (Koonin et al., 1995; Jones et al., 2002; Buscaino et al., 2006 ) and a C-terminal MRG (Marín and Baker, 2000) domain. The chromo domain is considered a site of protein-protein interactions. Additionally, it participates in the alteration of chromatin structure and positive-negative transcriptional regulation (Cavalli and Paro, 1998) . In contrast, the MRG domain co-localizes with the X chromosome (Buscaino et al., 2006) . In this study, by comparing insect sequences with the Mnmsl3 gene, we identified chromo-barrel domain regions in these proteins that showed a high degree of sequence conservation, suggesting that Mnmsl3 performs similar functions in regulating chromatin and in dosage compensation of M. nipponense. Phylogenetic analysis revealed that Mnmsl3 was closely related to Hymenoptera and Lepidoptera Msl3, but differed from their homologs in the crustacean Caligus clemensi. The exact orthologous relationship of Mnmsl3 requires further study, including the cloning of additional Msl3 from crustaceans.
In Drosophila, Msl3 is expressed in both sexes, including the liver, pancreas, heart, lung, kidney, skeletal muscle, brain, and placenta, with highest expression in skeletal muscle and heart, but is severely reduced in females (Gorman et al., 1995) . We found that Mnmsl3 mRNA was also expressed in different tissues of M. nipponense, with the highest expression in the testis, followed by in the brain. The distribution of Msl3 mRNA showed some differences between M. nipponense and Drosophila. This implied that Mnmsl3 might have other functions in M. nipponense that developed during evolution. In addition, we found that the expression of Mnmsl3 mRNA differed between the sexes; with the exception of muscle (P > 0.05), expression level in the testes, abdominal ganglia, brain, and heart in males being significantly higher than that in females (P < 0.05). These data indicate that a mechanism for dosage compensation exists in male freshwater prawns, but this requires further study.
The developmental process of oocytes in the prawn exhibits a series of cellular differentiation process in which differential genes are expressed temporally and spatially to ensure the proper development of the oocytes (Qiu et al., 2005; Meeratana and Sobhon, 2007) . In the present study, we found that Mnmsl3 mRNA was expressed during all stages, including the cleavage stage during embryonic development of M. nipponense. However, Mnmsl3 mRNA was mainly expressed in the developing embryo. The results of the present study showed that the expression of Mnmsl3 gradually increased with embryonic development, peaking during the nauplius stage. Because embryonic organogenesis of M. nipponense starts from the nauplius stage and is most active at the protozoea stage (Zhang et al., 2010) , the expression of Mnmsl3 during embryogenesis and organogenesis in this study indicate that Mnmsl3 has roles in the embryonic development of M. nipponense. During the larval stage, Mnmsl3 mRNA expression gradually declined with larval age before metamorphosis, but decreased to the lowest level at the metamorphic climax in M. nipponense. The expression patterns of Mnmsl3 during larval development may be necessary to stimulate pre-metamorphic larval changes of morphology and initiate metamorphosis. Previous studies have shown that sex differentiation and sexually dimorphic development of crustaceans begin after metamorphosis (Lee et al., 1994; Zhao et al., 2009) . As demonstrated in a previous study, changes in external sexual forms occur before those in internal sexual forms (Zhu et al., 2011) . On histological sections, primordial germ cells in M. nipponense appeared in 10-15 days post-larvae, with external sexual forms occurring at 5-10 days post-larvae. The time of Mnmsl3 action in post-larvae was generally correlated with the occurrence time of primordial germ cells and external sexual forms of M. nipponense, suggesting that Mnmsl3 homologs were involved in sex differentiation and determining external sexual forms in M. nipponense.
In conclusion, Mnmsl3 may play important roles in the embryonic development and in post-larval sex differentiation and external sexual formation of M. nipponense. This study increases the understanding of the multiple biological functions of the Mnmsl3 genes, and lays a foundation for studies examining the regulation mechanisms of the dosage compensation pathway in M. nipponense. In addition, based on histological observation of gonadal differentiation and development of M. nipponense, the critical period of sex differentiation in M. nipponense occurs between 10-15 days after metamorphosis when sexually undifferentiated gonads are more responsive to the action of exogenous steroids.
